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Background: The transcription factor AP-1 activates the
expression of numerous genes in response to mitogenic
stimuli. AP-1 regulates gene expression both through
solitary binding to independent recognition sites and, in
cooperation with various heterologous transcription fac-
tors, through targeting to composite response elements.
The two subunits that make up the AP-1 heterodimer,
Fos and Jun, possess identical residues at positions that
make sequence-specific contacts to DNA. This degener-
acy leaves the protein with no apparent way of orienting
itself uniquely on DNA by differentially recognizing
its two non-identical half-sites. Here, we have analyzed
the orientation of the AP-1 basic-leucine-zipper (bZip)
domain on a cognate site, both alone and in the coopera-
tive complex formed together with the 'nuclear factor of
activated T cells' (NFATp).
Results: The results of affinity cleaving experiments
demonstrate that, in solution, the AP-1 bZip binds DNA
as a mixture of two orientational isomers. However, in
the cooperative complex formed with NFATp on a
composite response element, the AP-1 bZip adopts
a single orientation, with Jun and Fos bound to the
NFATp-proximal and NFATp-distal half-sites, respec-
tively. Protein cross-linking experiments demonstrate
that protein-protein contacts are responsible for this
'orientational locking'.
Conclusions: Our results demonstrate that, through
protein-protein interactions, one protein can force
another to adopt a single DNA-bound orientation. Thus,
cooperative interactions between adjacent regulatory pro-
teins can influence not only the energetics of their inter-
actions with DNA, but also their precise geometric and
stereochemical arrangement. Because orientational iso-
mers present markedly different structures to the tran-
scriptional apparatus, it seems likely that orientation will
exert an effect on the ability to activate transcription.
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Background
Members of the AP-1 transcription factor family serve as
the ultimate recipient of mitogenic signals initiated at
the cell surface [1]. Genes that respond to AP-1 possess
a sequence that is closely related or identical to 5'-
TGA(G/C)TCA, to which the protein binds as a hetero-
dimer. In addition to this solitary mode of DNA recogni-
tion, AP-1 proteins also bind cooperatively to composite
recognition elements, together with a number of heterol-
ogous transcription factors [2-5]. Although the two sub-
units of AP-1 - Fos and Jun - exhibit little sequence
similarity overall, they possess a homologous - 60 amino-
acid motif known as the basic-leucine-zipper (bZip)
domain, which contains residues responsible for DNA
binding and dimerization [6-8].
The bZip domains of Fos and Jun exist as continuous at
helices, which pair to form a coiled-coil through their
leucine zippers. The two helices diverge at the basic
region so as to form a Y-shaped crevice, which binds the
DNA [8,9]. The basic regions of Fos and Jun possess
identical residues at positions that make sequence-specific
contacts with DNA, which leaves the protein without
any apparent means of differentially recognizing its two
half-sites in DNA. This raises the question of whether
AP-1 is capable of adopting a single bound orientation
on DNA, or whether it binds its recognition sequence in
two degenerate orientations. Indeed, the AP-1 bZip has
recently been shown to form crystals in which AP-1 is
bound to DNA in two discrete orientations [10]. Here
we report the use of the affinity cleaving technique [11]
to probe the orientation of AP-1 on its recognition
sequence in solution, and to examine how this orienta-
tion is influenced through cooperative interactions with a
heterologous DNA-biiding protein, the 'nuclear factor
of activated T cells' (NFATp).
The affinity cleaving technique relies on the ability of the
metal-ligand complex Fe(II)-EDTA, in the presence of a
reducing agent, to cleave DNA by generating a diffusible
reactive species, presumably the hydroxyl radical [11].
When Fe(II)-EDTA is attached directly to the DNA-
binding domain of a protein, it produces a cleavage
pattern that reports the location of the DNA-binding
domain relative to its recognition sequence [12-15]. This
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approach has been illustrated using the bZip motif of the
yeast transcription factor GCN4, which recognizes the
same DNA sequence as AP-1 but binds it as a homo-
dimer. When equipped with a Fe(II)-EDTA moiety at its
amino-terminal end, the GCN4 bZip generates a tripar-
tite cleavage pattern resulting from attack by the reagent
on both sides of each half-site (Fig. 1) [15]. In the case of
an AP-1 heterodimer containing a single Fe(II)-EDTA
moiety, a similar tripartite pattern should be observed if
the protein adopts two degenerate orientations; on the
other hand, if the heterodimer is oriented, a bipartite
cleavage pattern is expected (Fig. 1).
As a representative composite response element [16] that
is regulated by AP-1, we chose the distal antigen receptor
response element (ARRE2) of the interleukin-2 enhan-
cer (Fig. 2) [17,18]. NFAT, a T-cell specific transcription
factor that is required for antigen-dependent activation of
the IL-2 gene, binds to the ARRE2 (for reviews, see
[19,20]). NFAT is made up of two components; one of
these components responds to the activation of protein
kinase C, and the other responds to the release of intra-
cellular Ca2 + stores. The protein kinase C-regulated
component of NFAT has been identified as the ubiqui-
tous factor AP-1 [2], and the Ca2 +-dependent subunit
(NFATp or NFATc) is a member of a recently discovered
family of lymphoid-specific proteins [21-23].
NFATp [22] is sequestered in the cytoplasm of resting T
cells, undergoing translocation into the nucleus in res-
ponse to Ca2 + mobilization; whereas NFATc [23] is all
but absent in resting T cells, but is induced by an increase
in the concentration of intracellular Ca2+. Based on these
differences in spatio-temporal distribution, it has been
proposed that NFATp mediates the initial phase of anti-
gen-dependent lymphokine gene activation, whereas
NFATc mediates the sustained phase of the response
[24]. The appearance of NFAT-ARRE2 complexes in
the nucleus following T-cell stimulation is abrogated
by the immunosuppressive drugs cyclosporin A and
FK506 [25,26], which block the nuclear translocation
of NFATp/c by inhibiting calcineurin [27], a calcium-
calmodulin-dependent serine/threonine phosphatase that
may act directly on NFATp [28].
NFATc and NFATp share a homologous stretch of
roughly 300 amino acids that may be distantly related to
the DNA-binding and dimerization domain of Rel tran-
scription factors [22,23,29]. The putative Rel homology
region of NFATp/c, and the bZip domain of AP-1,
are both necessary and sufficient to form stable ternary
complexes on the ARRE2 [22,29] The formation of
the NFATp/c-AP-1-ARRE2 complex is facilitated by
thermodynamic cooperativity, such that the ternary
complex is significantly more stable than either of the two
binary complexes (NFATp-c-ARRE2 or AP-1-ARRE2)
([28,30] and S.A. Wolfe, A. You, L.C. and G.L.V.,
unpublished results).
At present, the overall architecture of the NFATp/c-AP-
I-ARRE2 ternary complex is poorly defined, as are
the intermolecular forces that give rise to cooperativity
Fig. 1. Interaction of the AP-1 bZip motif with DNA, as detected by the affinity cleaving technique. (a,b) An ca-carbon trace of the
cFos-cJun bZip motif is shown bound to DNA (green), with one subunit red and the other blue. The Fe(ll)-EDTA moiety, attached to
the amino-terminal end of a bZip peptide, effects DNA cleavage on either side of its position, as indicated by the arrows. (a) When
both subunits of the dimer are modified with Fe(ll)-EDTA, cleavage occurs at three regions on each strand (upstream, middle and
downstream) [15]. If a singly modified heterodimer, in which only one subunit contains an Fe(ll)-EDTA moiety, adopts both possi-
ble orientations, Fe(ll)-EDTA will be found at both DNA half sites, affording the same three-part cleavage pattern. (b) When a singly
modified heterodimer adopts only one orientation, cleavage should occur at two regions on each DNA strand (middle and right, as
shown). (c) The sequence of Fe(ll)-EDTA-modified cFos (F*) and cun (J*) peptides, with residues that make sequence-specific con-
tacts shown in bold [10]; in each case the basic region is highlighted in pink and the leucine zipper in yellow. The sequences are
numbered in accordance with the sequences of human cJun [38] and human cFos [39]. The carboxy-terminal tyrosine residue has
been added to aid quantification. The structure of the Fe(ll)-EDTA moiety is shown below; this is linked through an amide bond to
the amino-terminus of the peptide.
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Fig. 2. Regulatory sites in the IL-2 gene
enhancer, ARRE2. The sequence of
murine ARRE2 is shown, with the core
NFATp/c and non-consensus AP-1 bind-
ing sites boxed; conversion of the two
non-consensus positions (bold, lower
case) to consensus positions (bold,
upper case) generates the mutant site
consARRE2. The results of the affinity
cleaving experiments presented in this
paper demonstrate that, although AP-1
possesses little specific affinity for the
non-consensus AP-1 element in ARRE2,
it is recruited to this site by NFATp.
in NFATc/p-AP-1-ARRE2 interactions. NFATp/c is
known to bind to the 5'-GGAAAA-3' sequence in the
ARRE2 (Fig. 2) [2,31,32]. Closely abutting the core
NFATp/c site is a sequence that deviates from the AP-1
consensus recognition element at two out of seven posi-
tions, and as a consequence fails to associate stably with
AP-1 alone [30]. One of the objectives of the present
study was to determine whether AP-1 could be recruited
to the non-consensus site in ARRE2 through cooperative
interactions with NFATp.
Results and discussion
In order to obtain an affinity-cleavage pattern for AP-1
alone, we converted the non-consensus AP-1 site in
ARRE2 to a consensus site (consARRE2) by introduc-
ing two point mutations (Fig. 2). Gel-shift experiments
revealed that consARRE2 not only forms a stable com-
plex with AP-1 alone, but also exhibits greatly enhanced
affinity for NFATp in the presence of AP-1, as compared
with that for ARRE2 (data not shown). Unmodified
peptides corresponding to the bZip domains of cFos or
cJun - F and J - and others having Fe(II)-EDTA
attached to their amino-terminal ends - F* and J*
(Fig. c) - were bound to consARRE2 in various com-
binations and induced to generate strand cleavage (see
Materials and methods).
The affinity-cleavage patterns produced by each of the
singly modified heterodimers (F*J and J*F) were virtually
identical to each other and to the pattern produced by
the doubly modified cJun homodimer (J*J*) (Fig. 3a,
lanes 2-4; Fig. 3b) and cFos-cJun heterodimer (F*J*; gel
not shown, refer to Fig. 3b). This characteristic cleavage
pattern, similar to that previously obtained with homo-
dimers of the GCN4 bZip domain [15], results from
attack by a diffusible reactive species generated near both
half-sites of the AP-1 recognition element (Fig. la).
These results demonstrate that the AP-1 heterodimer is
unable to orient itself uniquely on its recognition site,
but instead binds DNA in two distinct orientations,
which are related by interchange of cFos and cJun on the
two half-sites of the AP-1 element.
Fe(II)-EDTA-modified cFos and cJun peptides failed
to produce an affinity-cleavage pattern on wild-type
ARRE2 (Fig. 3a, lanes 14-16), consistent with the
inability of AP-1 alone to form a stable complex with the
non-consensus site in ARRE2. However, when the
AP-1 peptides were incubated with wild-type ARRE2
in the presence of NFATp, a striking affinity cleavage
pattern was obtained. The NFATp-AP-1-ARRE2 com-
plex formed with the Jun-modified heterodimer *F)
produced DNA cleavage only in the middle and on the
upstream side of the site (Fig. 3a, lane 10; Fig. 3c); on the
other hand, the Fos-modified heterodimer aF*) prod-
uced cleavage in the middle and on the downstream side
(Fig. 3a, lane 11; Fig. 3c). When the ternary complex
was assembled with the EDTA-modified cJun homod-
imer (*J*), the resulting affinity-cleavage pattern (Fig.
3a, lane 12; Fig. 3c) was essentially the sum of those pro-
duced by each of the singly modified heterodimers.
These results establish clearly that the cJun-cFos het-
erodimer adopts a single orientation on ARRE2 in the
presence of NFATp, with cJun bound to the upstream
(NFATp-proximal) half-site and cFos bound to the
downstream (NFATp-distal) half-site. Regardless of the
presence or absence of NFATp, reactions containing only
Fe(II)-EDTA modified cFos produced no specific
affinity-cleavage pattern (Fig. 3a, lanes 5,9 and 13), as
expected from the known inability of cFos to form a
stable homodimer and to bind DNA specifically [33].
The affinity-cleavage patterns produced by the ternary
complex on consARRE2 closely match those produced
on ARRE2 (compare Fig. 3a lanes 6-8 with lanes
10-12), indicating that the two ternary complexes have
similar overall architectures. Thus, the ternary complex
formed on consARRE2 is more stable than that formed
on ARRE2 because the mutant site derives a greater
energetic contribution from the AP-1-DNA interface.
One difference is noteworthy: the intensity of affinity
cleavage produced by the ternary complex is slightly, but
reproducibly, stronger on ARRE2 than that observed
with consARRE2; this result may indicate that the
Fe(II)-EDTA moiety is slightly closer to the DNA in the
wild-type ARRE2 complex.
The observation of affinity cleavage by Fe(II)-EDTA-
modified peptides in the NFATp-AP-1-ARRE2
complex provides definitive evidence that AP-1 is
recruited to the region containing the non-consensus
AP-1 site through cooperative interactions with NFATp.
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Fig. 3. Affinity cleavage of DNA by
Fe(ll)-EDTA-modified peptides. (a) Auto-
radiogram of a DNA sequencing gel
analyzing the products of affinity cleav-
age on the non-coding strand of ARRE2
and consARRE2. The diagram on the left
shows the composite response element
ARRE2; upstream and downstream refer
to the orientation of the NFATp and AP-
1 sites with respect to the transcription
start point. Arrows relate the position of
Fe(ll)-EDTA cleavage to the correspond-
ing locus in ARRE2. G refers to a
Maxim-Gilbert guanine-specific cleav-
age reaction, used as a marker. (b,c)
Quantitative affinity cleavage histo-
grams. Here the autoradiogram of the
coding strand is not shown explicitly,
but the data are presented graphically.
The relative intensity of cleavage at
each position is approximately propor-
tional to the length of the arrow. The
AP-1 site is shown in bold text, with
non-consensus positions in lower-case.
The boxes surround the core NFATp
binding site: when open, the experiment
was carried out in the absence of
NFATp; when coloured, they represent
an experiment carried out in the pres-
ence of NFATp. The top and bottom
strands correspond to the coding and
noncoding strands of ARRE2, respec-
tively. The data in (b) represent cleav-
ages produced by modified cFos and
cjun peptides alone on consARRE2; (c)
shows the cleavages produced by cFos
and cun peptides on wild-type ARRE2
in the presence of NFATp. Similar quan-
titative cleavage patterns are observed
with consARRE2 (data not shown).
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Furthermore, as the cleavage patterns produced by J*J*
bound to DNA alone and in the cooperative complex
with NFATp are similar (compare lanes 4 and 12 of Fig.
3a, and Fig. 3b and c), we further conclude that the lat-
eral register (reading frame) of the bZip protein with
respect to the non-consensus site in ARRE2 is the same
as that adopted by AP-1 alone on a solitary consensus
site. Thus, cooperative interactions with NFATp seem to
influence the energetics, but not the sequence-specificity,
of DNA binding by AP-1.
NFATp might be envisioned to direct the orientation of
AP-1 either directly, through protein-protein contacts,
Fig. 4. Protein-protein crosslinking in the NFAT complex using
BSSS. (a) SDS-PAGE analysis of the protein-protein crosslinking
reactions. All reactions (lanes 1-6) contained 6 pg NFATp
(- 5 pM). The BSSS crosslinker (- 1 mM), cFos and cJun peptides
(- 6.4 pM), and various oligonucleotides (- 15 pM) were added
to the reactions as indicated. The gel was visualized by
Coomassie staining. Arrows along the left side of the gel indicate
the crosslinked and uncrosslinked species. (b) Western immuno-
blot analysis of the crosslinked products of (a) using an anti-cFos
antibody. (c) Western immunoblot analysis of the crosslinking
products of (a) using an anti-NFATp antibody. (Non-specific
oligonucleotide, N.)
or indirectly, through effects on DNA structure. To test
the former possibility, we employed chemical crosslink-
ing with the homo-bifunctional amine-reactive reagent
bis(sulfosuccinimidyl)suberimidate (BSSS). NFATp was
exposed to BSSS in the presence and absence of cFos and
cJun peptides and various oligonucleotides. The reaction
products were then analyzed by denaturing SDS-poly-
acrylamide electrophoresis (SDS-PAGE), and by western
immunoblotting using anti-cFos and anti-NFATp anti-
bodies (Fig. 4). Treatment of NFATp alone with BSSS
led to no significant alteration of its molecular weight
(Fig. 4a), even when carried out in the presence of
ARRE2 or consARRE2 (data not shown). Treatment of
a mixture of cFos, cJun and NFATp with BSSS in the
absence of DNA gave rise to a band having intermediate
mobility between NFATp and the cFos and cJun mono-
mers (Fig. 4a, lane 2). This band was recognized by anti-
cFos but not anti-NFATp antibodies (lane 2 of Fig. 4b
and c, respectively), and therefore arises from crosslinking
of the two subunits of the AP-1 heterodimer.
No band that migrates more slowly than NFATp - the
mobility expected of a crosslink formed between NFATp
and either or both subunits of AP-1 - was detected
under these conditions, suggesting that NFATp and the
cFos-cJun heterodimer do not interact stably in the
absence of DNA. Furthermore, NFATp and the cFos-
cJun heterodimer fail to crosslink to one another in
the presence of a non-specific oligonucleotide (lane 5
of Fig. 4a-c). By contrast, assembly of the cooperative
NFATp-cFos-cJun-ARRE2 complex prior to crosslink-
ing resulted in formation of a doublet band with retarded
mobility relative to NFATp (Fig. 4a, lane 3). The retar-
ded species reacts with both anti-cFos and anti-NFATp
antibodies (lane 3 of Fig. 4b and c, respectively), indica-
ting that they are formed by crosslinking of NFATp with
cFos, or with both cFos and cJun.
Essentially identical crosslinked species were obtained
when consARRE2 was used instead of ARRE2 (Fig.
4a-c, compare lanes 3 and 4, respectively). Similar cross-
linked species were observed when the cJun homodimer
was crosslinked to NFATp in the presence of ARRE2 or
consARRE2, but not when cFos was used alone (data
not shown). These results are consistent with the notion
that NFATp and AP-1 contact each other directly in
the cooperative complex formed on their composite
response element.
Conclusions
Here we have shown that AP-1 alone binds to its site in
solution as a mixture of two orientational isomers, which
are related by 180° rotation of the protein with respect to
DNA along their coincident dyad axis (Fig. 5). This
behavior, as observed here in solution by use of the aff-
inity cleaving technique, has also been observed recently
for the bZip domain of AP-1 in the solid state [10]. Even
though AP-1 itself lacks the ability to discriminate
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Fig. 5. The orientation of AP-1 on a eukaryotic promoter. (a) AP-1 alone binds DNA as a mixture of two orientational isomers, which
are related by 180 ° rotation along their coincident dyad axes. Fused to the ends of the Fos and Jun bZip motifs are various effector
domains, which are represented schematically. The geometric relationship of these effector domains with respect to other promoter-
bound proteins, such as regulatory proteins and the transcriptional apparatus, is markedly different in the two orientational isomers.
(b) AP-1 is locked into a single DNA-bound orientation through direct protein-protein contacts with NFATp.
between its two half-sites solely through protein-DNA
contacts, the present studies reveal that AP-1 can be
induced to adopt a unique orientation on DNA through
protein-protein contacts with the heterologous transcrip-
tion factor NFATp. Although cFos and cJun present vir-
tually identical contact residues to DNA, they present
very different residues to NFATp, thus providing a mech-
anism for differential recognition of the two bZip sub-
units through protein-protein contacts.
The particular orientation of AP-1 observed in the coop-
erative complex with NFATp is presumably selected on
the basis of its ability to form favorable protein-protein
contacts with NFATp, rather than simply because it avoids
disfavored steric interactions, because NFATp and AP-1
show positive cooperativity on ARRE2. These protein-
protein interactions are finely balanced, being strong
enough to allow NFATp to recruit AP-1 to a non-con-
sensus site that it would otherwise bind poorly, if at all, yet
weak enough that the two proteins require the coopera-
tive assistance of a specific DNA sequence in order that
their association is detectable. In addition to this direct
mechanism of 'orientational locking', it remains a possi-
bility that NFATp induces structural changes in ARRE2
that differentially affect cJun and cFos.
The domains of cJun and cFos that lie outside the bZip
domain are responsible for effector functions, such as
interception of incoming signals and transcriptional
activation. Importantly, the three-dimensional relation-
ship of these AP-1 effector domains with respect to the
transcriptional machinery and other sequence-specific
DNA-binding proteins bound nearby is markedly differ-
ent in the two orientational isomers (Fig. 5); hence it is
reasonable to expect that the two orientational isomers
will differ in their ability to activate transcription [34,35].
The relationship of orientation to transcriptional activity
is relevant not only to AP-1 itself and to the cooperative
complexes it forms with NFATp/c, but applies equally
well to the many heteromeric complexes in which AP-1
family members participate [2-5].
Materials and methods
Materials
Fe(II)-EDTA modified cFos (amino acid residues 134-199)
and cJun (amino acid residues 258-323) peptides were prepared
by single stepwise manual solid-phase peptide synthesis [36].
The crude EDTA-modified peptides were purified by reverse
phase high-performance liquid chromatography. Unmodified
cFos (amino acid residues 139-200) and cJun (amino acid resi-
dues 263-324) were expressed in E. coli and purified by cation
exchange chromatography [10]. Amino acids Cys154 (cFos)
and Cys278 (cJun) were replaced by serine in all peptides
except Fe(II)-EDTA-modified cFos. These mutations stabilize
the proteins against oxidation but do not otherwise alter their
DNA-binding properties [37].
Affinity cleaving
All affinity cleaving assays were performed on a restriction
fragment containing either the ARRE2 or consARRE2
sequence. The probe was labelled at the 3' end using
[o32 P]dNTP and Klenow DNA polymerase. A murine
NFATp protein fragment, 297 amino acids in length, contain-
ing the entire region necessary for DNA-binding and coopera-
tive interactions with AP-1, was used in these experiments.
This fragment was expressed in E. coli and purified to homo-
geneity. Unmodified or EDTA-modified cJun and cFos pep-
tides were mixed at equimolar ratios to generate cJun and cFos
homodimers or heterodimers with one or both having the
Fe(II)-EDTA moiety attached at the amino-terminus. All
combinations of peptides except cFos and Fe(II)-EDTA-
modified cFos were able to bind the consARRE2 specifically,
and bind consARRE2 and ARRE2 cooperatively in the pres-
ence of NFATp, as determined by electrophoretic mobility
shift assays (data not shown); binding was unaffected by the
presence of free Fe(II)-EDTA. The protein-DNA complexes
were formed in 20 1 of binding buffer (30 mM Tris-HCI
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(pH 7.5), 3 mM NaOAc, 20 mM NaCI, 0.01 mg ml- 1 poly-
(dIdC), 0.025 l.M polylysine (pH 7.5)).
In the affinity cleaving experiments, each reaction contained
20 000 cpm probe, 40 nM NFATp, - 0.25 FaM unmodified
or Fe(Il)-EDTA-modified cFos-cJun dimer and one equiva-
lent Fe(NH 4)2 (SO 4)2 .6H 2 0. Following incubation at room
temperature for 30 min, the cleavage reaction was initiated by
the addition of DTT to a final concentration of 5 mM. The
reaction was allowed to proceed for 30 min and quenched by
freezing and yophilization. The sample was analyzed on a 15 %
sequencing gel (37.5:1 acrylamide:bisacrylamide). Sequencing
gels were exposed to a phosphorimage plate and analyzed by a
Fuji phosphorimager. The cleavage efficiency was quantified
according to the band intensity after the subtraction of the
background. The total amount of radioactivity loaded on each
lane was corrected based on the background cleavage intensity
of each lane. The relative intensity of each band was repre-
sented approximately by the length of the corresponding arrow
in Figure 3b,c. The guanine-specific cleavage was carried out
by the standard dimethylsulfate (DMS) method. Control ex-
periments (data not shown) included: (i) NFATp and unmodi-
fied cFos and cJun peptides did not cleave DNA in the absence
or presence of Fe(II); and (ii) EDTA modified cFos and cJun
peptides did not cleave DNA in the absence of Fe(II).
Protein-protein crosslinking
The chemical crosslinking between different protein subunits
in the NFAT complex was carried out in 40 1ll reaction
buffer (20 mM KHPO 4 (pH 7.4) 5 mM 2-mercaptoethanol,
0.25 mM EDTA, 225 mM NaCI). When included in the
crosslinking reaction, the amount of protein and DNA used
were as follows: 6 g NFATp ( 200 pmol), 1 ug 63-mer AP-
I peptide ( 258 pmol), 600 pmol DNA (ARRE2 or con-
sARRE2, or non-specific oligonucleotides, N). The binding
reaction was carried out at room temperature for 20 min, after
which 3 l of freshly prepared BSSS stock solution (in 5 mM
potassium acetate (KOAc), pH 4.5) was added. The crosslink-
ing reaction was allowed to continue at room temperature for
30 min, and was then quenched by the addition of 2 l of
1 M Tris-HCI (pH 7.6). To identify crosslinked proteins, the
samples (0.1-0.2 plg) were run on 18 % (Fig. 4b, anti-Fos
blot) or 15 % (Fig. 4c, anti-NFATp blot) SDS-poly-
acrylamide gels, subjected to electrophoresis and transferred
onto nitrocellulose. Membranes were blocked in Tris-buf-
fered saline (TBS) containing 2 % gelatin, washed with TBS
containing 0.05 % Tween-20 (TBST), and then incubated
with affinity-purified antibodies against the Fos M peptide [2]
or against a recombinant fragment of NFATp [22], which
were diluted 1:1 000 and 1:3 000 in TBST respectively. After
incubation with the primary antibodies, the blot was washed
with four changes of TBST andthen incubated with a horse-
radish peroxidase-conjugated goat-anti-rabbit secondary anti-
body at a 1:30 000 dilution. The membrane was washed
several times with TBST and immunoreactive proteins were
visualized using the enhanced chemiluminescence method
(ECL, Amersham).
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